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ABSTRACT
A first iteration computer program developed by Drs. Pien and
Strom-Tejsen of N.S.R.D.C. for determining the wavemaking
resistance of conventional and catamaran hull forms is up-
dated, consolidated, documented and exercised to produce
results of immediate interest to catamaran hull designers.
The effect of demihull geometry, design Froude number and
hull spacing on wavemaking resistance is demonstrated. Within
the constraints used in the investigation, it appears that
the range of design Froude numbers from 0.30 to 0.35 in
association with non-dimensionalized demihull spacings of
0.26 to 0.34 results in minimum wavemaking resistance. How-
ever with the aid of the computer program the designer can
obtain information for a wide range of design Froude numbers,
hull spacings, and hull geometry (represented by singularity
distributions) of his own choosing.
Design waterlines showing hull form geometry at six different
design Froude numbers are drawn using Michell thin ship
theory. The importance, first stressed by Pien, of asymmetric
demihulls in producing symmetric wave patterns for maximum
wave cancellation is discussed. Finally, the difficulties
found at Froude numbers slightly below the design Froude
number where the favorable interference factors occur are
pointed out.
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With few exceptions and for many good reasons, the
art and the science of large catamaran ship design has long
been neglected in the United States. The design and con-
struction of the Navy's new 230-ft. catamaran ASR-21 Class
and the interest shown in a 700-ft. special cargo ship, both
described in (1) , have signaled the end to that period of
neglect.
The reasons for selection of a catamaran hull for
certain ship types rather than a conventional single hull
include the capability for handling large loads at the center
of the ship, the high transverse stability, the abundance of
deck space, etc., in short, considerations of a non-hydrody-
namic nature. To reverse the process, to select a catamaran
design on the basis of favorable hydrodynamic characteristics,
has not been possible because of the sketchiness of full
scale and model test data and, until recently, the lack of a
catamaran resistance theory in a form which a naval architect
rather than a pure theoretician could use.
For whatever reasons a catamaran design is chosen, it
is the business of the naval architect to try to make its
resistance as low as possible without penalizing other per-
formance and cost criteria. From the standpoint of purely
frictional resistance, making the assumption that frictional
resistance can be considered to be independent of residual
resistance, the catamaran will inevitably compare unfavorably

with a conventional hull of the same displacement due to
the greater wetted surface of the former. It is in the area
of the so-called "residual resistance", specifically wave-
making resistance, that the catamaran offers the opportunity
to reduce total ship resistance to a value competitive with
that of a conventional hull.
Reduction of Wavemaking Resistance
Wavemaking resistance can be reduced in two ways if a
catamaran design is chosen. The first results from the fact
that the two hulls obviously have a better slenderness ratio
for the same length and displacement than a single hull,
with a corresponding decrease in wavemaking. Linearized
wave theory might lead one to believe that if the combined
beams and displacements of two demihulls were equal to the
beam and displacement of a conventional hull of the same
length, the wavemaking resistance would be fifty percent
that of the single hull. Several authorities, notably J. T.
Everest in his discussion of (6), and R. Tasaki, T. Takahei
,
and J. L. Moss in (7) show that this is not true, except for
very fine hull forms at high Froude numbers and cannot be
applied to the fuller forms of conventional hulls. Everest
used the results of model tests to show that the fifty percent




The second factor which could reduce catamaran wave-
making resistance is that of favorable wave train interfer-
ence. The theoretical work of K. Yokoo and R. Tasaki (2)
in 1951 and K. Eggers (3) in 1955 pointed the way in this
respect, demonstrating the favorable effect which the inter-
ference of one demihull 's wave train could have on the other.
J. Strom Tejsen and P. C. Pien indicate in their discussion
of ref. (1) that the possibility exists of reducing wavemaking
resistance by forty percent at certain Froude numbers in the
.25 to .40 range where wavemaking resistance is a significant
portion of the total resistance.
Wavemaking Resistance as a Percentage of Total Resistance
The percentages of total resistance contributed by
frictional resistance and wavemaking resistance vary with
ship speed. F. H. Todd in his chapter on "Resistance and
Propulsion" in (4) states that experiments have shown that
frictional resistance accounts for eighty to eighty-five
percent of the total resistance in slow-speed ships and as
much as fifty percent of the total in high speed ships. It
is easy to compute (6) that for the same length and displace-
ment the increase in the wetted surface, and hence frictional
resistance, will be on the order of forty percent to fifty
percent greater than that of a single hull. For this reason
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many investigators have concluded that catamarans will always
operate at a disadvantage when compared with conventional .
hulls except for certain very high speed ranges. However, as
Pien points out in (5) and Todd in (4) for conventional ships,
that while it is true that even eliminating wave drag comple-
tely for low speed ships would not affect total resistance
drastically, another facet is often overlooked. If ship
length can be reduced while keeping the speed and displacement
constant, the wetted surface and frictional resistance will
be reduced. Reducing ship length and keeping speed constant
will increase the Froude number. Wavemaking resistance will
increase, but if that increase can be minimized - and the
opportunity for doing so by wave cancellation is even greater
with a catamaran design than with a conventional design -
then the architects could achieve a decrease in frictional
resistance of the price of a smaller increase in wavemaking
resistance. Of course, as ship speed increases and the wave-
making resistance approaches greater than fifty percent of




When two demihulls, each symmetrical about its own




hull will be affected by the presence of the other and the
design of the hulls can proceed in the traditional manner.
As the hulls are brought closer together and if the form of
the hulls, optimized at infinite separation, is unchanged,
the flow characteristics in the area between the two hulls
will change. The contraction in the cross sectional area
between the two hulls will result in the changes in water
velocity and pressure normally associated with a venturi
effect. That is, there will be a rise in the water level
between the hulls, and water will flow under the turn of the
bilges and across the bottom of the two demihulls (8) . In
effect the flow around the two hulls is no longer symmetrical.
K. Eggers (3) attributed the increase in resistance exceeding
that predicted by theory as hull spacing narrowed to be due to
the increased fluid velocity between hulls. The increase in
water level between the hulls would also have an effect on
frictional resistance. In addition, the larger change in
pressure aft of the maximum beam would seem likely to encour-
age flow separation, although this effect has not been invest-
igated. Finally, there is the question, not yet answered, of
the effect of wave reflection between hulls, and the losses
due to wave breaking at the centerline of the catamaran where




Turner and Taplin (1) built and tested an asymmetrical
design in an attempt to reduce the wave building between the
two demihulls. The side facing inboard on each demihull was
made perfectly flat. They recognized that an asymmetrical
hull as a cambered lifting surface might be penalized by
induced drag. They measured the "lifting force" - athwart-
ships force - while varying spacing hoping as the hulls moved
into closer proximity that some of the lift, and hence drag,
would be destroyed. They found this effect to be negligible,
and concluded that asymmetrical hulls are likely to have
unacceptably high resistance. The point which seems to have
been overlooked is that the best shape of the inboard sides
is not flat - the flow must adjust to the angle of entrance -
so that the streamlines entering the area between the two
demihulls are no longer straight, but curved outboard rela-
tive to each hull. This effect increases as spacing decreases
J. T. Everest (9) uses a method of linear superposition
of measured wave patterns for a single hull to obtain the
wave pattern for two closely spaced demihulls. He found
good agreement between the results of this method and those
obtained from thin ship theory, but found discrepancies
between these data and those obtained experimentally.
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Experimental data were obtained by using the single hull
form from which the wave patterns were obtained (and to
which the thin ship theory was applied) as the demihull of
a multihull configuration and making the usual resistance
tests of the multihull. Everest attributes the discrepancies
to non linearities in the actual wave train superposition,
to viscous interference, to changes of wetted surface, and to
other causes. However, his method and that of Eggers rely
upon the assumption of symmetrical flow around each demihull
and a symmetrical wave pattern for each hull. It seems likely,
therefore, that deviations in practice are due, at least in
part, to the introduction of wave pattern asymmetry by the
use of two closely spaced symmetrical hulls.
Model tests have demonstrated many of the unfavorable
aspects of the asymmetrical flow associated with symmetrical
hulls, the increased flow velocities and the increased sur-
face area between the two demihulls which give greater
frictional resistance, the disruption of smooth flow along
the turn of the bilge and subsequent cross-flow across the
bottom, the higher water level between the hulls and result-
ing interference with the cross structure, and the increased
possibility of boundary layer separation because of the
greater adverse pressure gradient found between the hulls.
In addition, however, the theoretically predicted benefits of
wave train cancellation between the interior and exterior
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divergent wave systems can only be achieved by interior and
exterior waves of the same amplitude. This requires symmetri-
cal flow. Each demihull must be cambered in such a way as to
give a symmetrical wave pattern. This camber will be a
function of every factor which affects the streamlines -
spacing, design speed, and hull dimensions.
Wave Train Interference
In a single hull ship, diverging waves carry off the
energy which created them and the energy is not recoverable
by the ship. In theory, some of the energy carried by the
transverse wave system can be recovered by judicious choice
of ship length and speed. In practice optimum cancellation
has been difficult to achieve because the boundary layer at
the stern reduces the pressure rise there and so reduces the
crest height, and by increasing the effective ship length,
introduces a phase shift. (Some investigators - notably
Inui, have allowed for this effect empirically with grati-
fying results.
)
Catamaran ships, on the other hand, can also cancel
part of the resistance due to the diverging wave system.
J. T. Everest (9) states that the most beneficial interfer-
ence effects are obtained for strong diverging wave systems.
He reasons thus from the comparison of theoretically pre-
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dieted wave drag plotted as a function of Froude number and
a graph due to Wigley showing the percentage of total wave
resistance due to diverging waves. The phasing is very
similar.
Favorable interference between the transverse wave
systems of two unstaggered hulls is obviously impossible
since both are in phase, and can only interfere destructively.
Beneficial interference can only occur in this case between
the wave systems of the same hull. Staggered hulls are
another possibility.
Reduction of Wave Drag of Each Hull
Wavemaking resistance is proportional to the square
of the wave amplitude. A small amplitude wave system can
be obtained in the following ways:
1. Minimizing the forebody wave resistance.
2. Relying upon interference between forebody and
afterbody wave systems to minimize the total
rather than component bow and stern system
amplitudes
.
Pien and Strom-Tejsen in (10) list several compelling
reasons for minimizing the wavemaking resistance of the fore-
body alone. First, the major portion of the wavemaking
resistance is generated by the forebody, that of the after-
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body being suppressed by viscous effects. Secondly, wave-
resistance theory rests upon the assumption that the free
surface effects generated by the disturbance are small. To
generate large disturbances in the forebody, and then cancel
them by equally large disturbances in the afterbody is obvious-
ly stretching the theory. Lastly, the theory assumes that
the viscosity effect is negligible, an assumption not valid
in the afterbody section.
The fact that viscosity effects change the effective
length of the ship, and hence the phasing of the stern wave
with respect to the bow wave has been noted. To accept high
forebody wavemaking in the expectation that it will be can-
celled by that of the afterbody cannot be justified once
viscosity is taken into account.
The most promising and valid approach to the solution
of the problem seems to be the optimization of the forebodies
under suitable restraints (to avoid a ship displacement of
zero, for example) taking into account the interference of the








Pien, enlarging upon the work of Inui, has developed
(11) a computer program which can be used either to calculate
the wave resistance of a given singularity distribution or,
by operating under one or more restraints on ship dimensions,
can compute the optimum distribution for certain singularity
elements together with certain other given elements which
together will yield a minimum wave resistance. Pien, in
collaboration with Strom-Tejsen, published in 1968 (12) a
hull form design procedure for single hulled high speed dis-
placement ships based on this computer program. That same
year, in his discussion of the Turner and Taplin paper (1)
,
Strom-Tejsen extended the program's applicability to catamarans
It is that program, simplified, consolidated and brought up
to date by the author under the tutelage of Dr. Strom-Tejsen
and Dr. Pien, that forms the core of this thesis.
Assumptions
Wavemaking resistance theory, "thin ship theory" rests
on two assumptions. The first is that the wave height of
the disturbances set up by the moving ship is small in
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comparison with wave length, and the second is that viscous
effects, are negligible. One of Pien's contributions was his
recognition that although a "thin ship" generated wave
heights small in comparison with the wave length, and so was
sufficient to satisfy the assumption, it was not a necessary
condition. If a conventional hull could be optimized so that
it too generated small wave heights, thin ship theory could
be applied with equal justification. Pien further asserted
that since viscous effects on the wave drag of a ship's fore-
body are, for all practical purposes negligible, and since the
viscous effects present in the afterbody reduce the importance
of wavemaking compared with that of the forebody, the second
assumption could be met by optimizing the forebody first and
then matching an afterbody to the forebody. Some investi-
gators (12) have chosen a Taylor's Standard Series afterbody
on the grounds of its known suitability (avoidance of flow
separation, etc.). This approach could not be used in a
multihull design problem because of the requirement for hull
camber. Pien applies wave theory to the afterbody using
the following argument. Considering the extreme of no
viscous effect, wave theory is valid and the match between
afterbody and forebody can be made an optimum. Considering
the extreme of a very large viscous effect, which causes
the effective afterbody length to be greatly increased, the
wavemaking ability of the afterbody will so diminished as
to be negligible. The true case will lie somewhere between
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the two extremes. Optimization of the forebody by itself
also insures that one does not make the error of achieving
a low wave resistance by cancelling a strong bow transverse
wave with a strong stern transverse wave which, for the
reasons stated above, does not exist in reality.
Mathematics of the Program
Inui placed the singularity distribution on a
centerline plane. The disadvantage of this was the limi-
tation of B/T values to less than 2.0 and a sagging keel
line. To overcome this, Pien defined an "eta surface"




Catamaran demihulls are by their nature long and
narrow, and the B/T and keel line characteristics of Inui's
system are perfectly acceptable. Accordingly Pien's "eta





Wave resistance can be expressed as a function of
free wave amplitudes as follows:
tt/2
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where 9 = angle between wave direction and x axis
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cosine contribution to the amplitude
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A = sine condition to the amplitude function
V =
A =




A (6) = -=" 2 ^ a - —C 2 , 1] TF
3-D
K c;sec
r i r ] o
[cos(a? + bn) + cos (a^ - bn)] d^d; [2]

- 17
where F = Froude number
K = 1/2F 2
o '
a = KQ sec8
b = KQtane secg
a. . = constant
1 K 3
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n
[sin(a£ + bn) + sin(a£ - bn.)]d^d ? [3]
simplifying
[cos (a? + bn) + cos (a^ - bn ) ] = 2 cos b^ cos a^
K 3A
c
C6) = Z Z a -^ sec j
i J
i i K Csec'
cos bn sin(a£)d£ d£ [4]
At this point several decisions must be made.
(1) the range of i
(2) the range of j
(3) the form of r\.
The singularity distribution to be located on the
H surface can be expressed as




with the a. ., i-range, and j-range identical to those in
the expressions for A and A • Pien has found 1 < i < 5c c s — —
and < j < 3 to be satisfactory for representing ship-like
5distribution functions. (£ , for example, can represent a
gdistribution for <_ E, £ 1 quite as well as £ . )
The r\ surface must be chosen in such a way as to
make [4] integrable. For practical purposes this means
making n a function of one variable. Using n = n(£)/
K
Q sec'V e) = z z aij- . K Csec^edCi cos[bn(?)J cos a£d£ £ J e




can be analytically integrated. £ cos [bri (01 c° s a£ d£
must be integrated numerically. For a catamaran, where n(0
is equal to a constant, this term could also be evaluated
analytically at a great savings in computer time. If this
had been done, however/ the program's single hull capability
would be limited to an Inui representation. For this reason
a Gaussian numerical integration is used.
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Introduction of Constraints
Recall that M(£,c) = . a. . ^c 313 13
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By Michel 1 thin ship theory
T = M(l,
c )
B M(5fC)d5 V = MU,eK<H
where V = nondimensionalized displacement volume.
B = nondimensionalized beam (divided by L)
T = entrance anqle.
1.









The constraints place limits on the values of a. ..
Any one or a combination of constraints may be used. In the
optimization process at least one must be used in order to
avoid a zero volume forebody, which of course would have
.minimum wavemaking resistance.
These constraints will not have the same values as
the true hull dimensions because the slope of an actual hull
will not be negligible throughout the length as required by
thin ship theory. They will of course be closer to the true
hull dimensions for a catamaran demihull than for a fuller
conventional hull, but will not reflect the hull camber
necessary to insure symmetrical flow. In a conversation
with the author, Dr, Pien stated that the required camber
amounts to one or two degrees, so that neglect of the camber
should be adequate for the hull representations used later
in this thesis. However, the camber is not neglected in the
wave resistance calculations of this thesis.
The Optimization Process
,ir/2
2Recall R = tt • p • V
w
3R
find —— = for each value of
UA ] 2 + [A] 2 ) cos 3 6d(
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considering only E, , for example.









with [V] a square matrix decreased in dimensions by the
number of constraints. After a summation for all 0, the






3 f (sec A)Theta integration involves sec e in both
A and A . Both oscillate rapidly as approaches tt/2.
This problem can be handled by making the theta interval
smaller and approximately equal to one cycle of A or A
,
and by letting 85 degrees rather than 90 degrees be the
upper limit of integration. Justification for the cutoff
can be made by physical arguments. First, no infinite wave
amplitudes have been noted in practice in the tt/2 region.
Secondly, the waves that actually exist in the = tt/2
region have very short wave lengths and wave heights and so
contribute very little to wave resistance. In the limit of
= tt/2, of course, there is no wave disturbance at all.
Application of the Volume Constraint
Only E, is independent of depth, and only E, deter-
mines the waterplane area. The optimization of E, , therefore,
play a major role in minimizing wave resistance. For this
reason E, should be thought of as being the major contribu-
tion to volume, and E„, E and E, used mainly to manipulate
the longitudinal centroid of the underwater volume. Suppose
the total volume constraint was V = .35. One could set the





There exists no general agreement on the best way
to express the effects of multihull wave interference.
Some researchers (1) have defined an "interference
factor", I.F., as follows:
I.F. s J*§ £§L
2DR
RS
whexe RRg = total catamaran wave resistance
DR
_, C demihull wave resistance,
DR c being equal to the total catamaran wave resistance at
infinite separation divided by 2
.
This definition is however useful only for the case
of symmetrical flow about the demihulls at all hull spacings
To apply it to model tests which embody a fixed hull camber
independent of spacing would also not be correct, because
the demihull shape should change with spacing as the camber
does.
To be able to compare a catamaran design's wave
resistance directly with that of a monohull having the same
total displacement might seem reasonable. This could be
done using linearized wave theory but, as mentioned earlier,
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linearized wave theory is likely to give an inflated resistance
for a monohull ship. To avoid giving an unwarranted advantage
to the catamaran, a separate optimization based either on
theory or on model tests should be performed for the monohull.
Furthermore it is not necessarily reasonable to make
a comparison between a catamaran and its equivalent monohull.
Catamarans can fulfill requirements which monohulls cannot,
large deck areas, unusually high transverse stability, or the
capability to handle large loads at the center of the ship,
for example. It thus makes more sense to compare catamarans
of finite spacing to catamarans of infinity spacing as the
Turner-Taplin interference factor does.
This thesis therefore employs the Turner-Taplin
interference factor with the important exception that DR
is obtained for a demihull whose wave resistance has been
minimized at the condition of infinite spacing. One is
thus comparing the wave resistance of an asymmetrical hull
which causes a symmetrical wave disturbance at finite spacing
with a symmetrical hull which causes an identical wave dis-







Figure 1 . Interference Factor Plotted Against Froude Number
for Three Designs Optimized at Different Froude
Numbers. Hull Spacing = .25.
Figure 2 . Interference Factor Plotted Against Design Froude
Number. Hull Spacing = .25.
Figure 3 . Interference Factor Plotted Against Froude Number
for a Design Froude Number = .30/ and a Number of
Hull Spacings.
Figure 4 . Interference Factor Plotted Against Hull Spacing
Over a Range of Design Froude Numbers.
Figure 5 . Design Froude Number Plotted Against Optimum Hull
Spacing.
Figures 6a & 6b . Surface Source Distribution for Six Differ-
ent Design Froude Numbers at Hull Spacing = .25.
Figures 7a & 7b . Non Dimensionalized Ship Half Breadths for
Six Different Design Froude Numbers at Hull Spac-
ing = .25.
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The updated and consolidated program was first checked
to make sure that the results obtained from it agreed with
the results of Pien and Strom-Tejsen' s original program. The
curve labeled "Strom-Tejsen 1 s Design F = .300" in Figure 1
is identical to the one Strom-Tejsen included in his discussion
of Reference (1). In addition, a single Eggers calculation
for F = .325, hull spacing = .20, and surface source strength
= El = 1.00 was performed, and compared with Figure 18 of
Reference (3). Eggers' value of I.F., approximately .03, com-
pares favorably with the author's value of .018. The author
believes, therefore, that the program is completely satis-
factory.
Comparison with Experiment
To date no data have been published on catamaran resis-
tance tests in which the demihulls were designed to make
symmetrical wave patterns. The work of Everest (9) offers
some basis for comparison but even this is not satisfactory.
Everest used a parabolic hull form which was not optimized
for each Froude number, and varied only the spacing between
demihulls and the speed. As will be shown later, the optimum
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hull form varies markedly over even a modest change in design
Froude number. Model tests based on hull forms determined by
this program must be performed before any quantitative compar-
isons can be made with assurance.
Discussion of Figure 1
This is a plot of Interference Factor (I.F.) against
Froude number for three designs optimized at different Froude
numbers, at the same hull spacing and displacement volume.
It clearly shows, as suggested by Strom-Tejsen in his discus-
sion of Reference (1) , that Froude number and hull spacing
are not the sole determiners of the I.F. (.Turner and Taplin
(1) believed that other factors were of secondary importance)
,
Note that the curve labeled "Strom-Tejsen 1 s Design
F = .300" does not correspond with the author's curve for
the same F . In order to follow the convention used in (1),
Strom-Tejsen compared the wave resistance of the catamaran
with demihull design optimized at F = .300 with that of the
identical demihull design at a spacing of infinity. Follow-
ing Strom-Tejsen ' s suggestion, the author has compared the
wave resistance of a catamaran (with the demihull design
optimized as before) with that of a catamaran with the demi-
hull design optimized at an infinite (three demihull half
lengths) spacing. While this scheme is certainly sound
conceptually, it does cause the catamaran to be somewhat less
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attractive from a wave resistance standpoint than the original
Strom-Tejsen comparison. Not only is the magnitude of the
negative I.F. at the design Froude number reduced, but the
magnitude of the positive I.F. at Froude numbers below the
design Froude number is greatly increased. Large negative
•interference factors are predicted in some cases below F =
.26. At F = .26, however, wave interference amounts to only
approximately 20% of the total drag according to Everest (9)
and therefore is of only secondary interest.
There is, of course, no comparable curve by Everest to
Figure 1.
According to Figure 1, the optimum I.F. improves from
0.0 at F = .30 to -.23 at F = .325, and to -.28 at F = .35.
Discu s sion of Figure 2
In Figure 2, hull spacing was kept constant, and the
most favorable I.F. was determined for each of six different
design Froude numbers. The range of I.F. is considerable,
varying from an I.F. of -.28 at F = .34 to an I.F. of +.25
at F = .425, and shows how relatively small changes in Froude




Discussion of Figure 3
To obtain Figure 3, the demihull design was optimized
at FN » .30 for six different hull spacings. The results
ranged from a positive optimum I.F. of .10 at a spacing of
.10 to a negative I.F. of -.26 at a spacing of .30. Everest's
Figure 3 in (.9) shows some similarities. His optimum spacing,
for example, lies between .25 and .30 at an FN of approxi-
mately .33, although of course his hull form was not delib-
erately optimized there.
Discussion of Figure 4
Figure 4 shows the I.F. plotted against hull spacing
for demihulls optimized at five different Froude numbers.
To obtain these data it was necessary to run the program
over a variety of hull spacing for each design Froude number
in order to find the combination of design FN and hull spac-
ing that yielded the lowest possible I.F. These data are
therefore not a cross plot of Figure 3. It appears that
demihull forms can achieve significantly negative I.F.'s
over a Froude number range from about .30 to about .35 and a
corresponding hull spacing range from .25 to .325. At the
best hull spacing, an I.F. of approximately -.28 can be
reached at these Froude numbers.
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Discus s ion of Figure 5
Figure 5 is merely an envelope plot of the optimum hull
spacings obtained from Figure 4. It shows a decreasing opti-
mum hull spacing with increasing design Froude number.
Everest's Figure 2iii (9) shows the same trend which he later
verified experimentally.
Discussion of Figure 6
Figures 6a and 6b are plots of one of the program out-
puts, namely the surface source distribution for demihull
forms optimized at six different Froude numbers. The most
noticeable trend is the rapid increase in source strength at
the bow and rapid decrease in source strength in the midships
area. For a constant volume body this represents a transfer
of volume from amidships to the bow area.
Discussion of Figure 7
Figures 7a and 7b are the approximate Michell thin ship
theory representations of the hull forms given by the surface
source distributions plotted in Figures 6a and 6b. They are
only approximate representations because as discussed earlier,
the small asymmetry of the demihull necessary to ensure wave
symmetry is ignored. They do represent the first step in the
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stream line plotting necessary to produce the asymmetric demi-
hulls required for symmetric flow, however. And they show
very well the redistribution of volume that takes place with
increasing Froude number. There can be no doubt that the
demihull form has a decisive influence on catamaran wave
resistance. Note the flow of volume forward into an even
more bulbous bow, and the decrease in beam as Froude number
increases
.
The study optimized only El, therefore this is a wall
sided form. If El in conjunction with any combination of
E2, E3, and E4 were used, a non wall sided form could be
obtained and the half breadths at waterplanes below the water
line could be calculated.
General Discussion
1. The high positive I.F.'s for Froude numbers below the
design Froude number do present the catamaran designer with
a serious problem. Consider, for example, Figure 1 for the
demihull optimized at F = .35. The largest negative I.F.
occurs at F = .35, and equals -.28, while the largest posi-
tive I.F. occurs at F = .30 and equals 1.78. A simple
calculation indicates the magnitude of the problem:
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F VNl 1 .35 7
= —
-
= - = — where V = ship speed
FN2 V2 .30 6
c, - c
oo
I.F. = — = -.28 C, = .72 C




I. P.- = — C„ = 2.78 C2 2
!l; V
(





2 * 78 6
Wavemaking resistance thus decreases three fold over a
14% increase in Froude number.
This problem can be attacked in two ways. First, by
limiting design Froude numbers to the low end of the range
where positive (and negative!) I.F.'s are lower. Or secondly,
by optimizing at two different Froude numbers at once, that
is, possibly sacrificing some of the negative I.F. at F = .35
to gain a reduction in the positive I.F. at F = .30. Strom-
Tejsen has done this in unpublished work at N.S.R.D.C. It
may be hard to do this without sacrificing a great deal of
the negative I.F., however. Note from Figure 1 that a demi-
hull design optimized for F = .30 has a positive I.F. at
F„ = .28 almost as great as that for F. T = .35. Hence aN 3 N
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design optimized at both F = .30 and FN = .35 would prob-
ably gain little in the reduction of positive I.F. More
work needs to be done in this area.
2. From a practical standpoint, the cost and weight of
the structure connecting the two demihulls will pressure the
designer to go to the smallest demihull separation feasible.
These are efficient only at high Froude numbers, which can be
obtained only by increasing design speed (since to decrease
ship length would only increase the nondimensionalized demi-
hull spacing.) This fact places a premium on model testing,
sincd it is certainly true that viscous effects increase with
ship speed, and viscous effects are not taken into account
theoretically. In addition, one has the unfortunate increase
in the positive I.F. with increasing Froude number to contend
with.
3. For small catamaran ships it may be practicable to
devise a scheme for changing demihull spacing with Froude
number, thus avoiding the large positive I.F. "hump" below
the design Froude number. Of course, the hull form would
not be optimized at the lower Froude numbers, but if a
designer were particularly clever, it should be possible -
again, for a small catamaran - to change the waterline demi-





4. Eventually a model testing program must be undertaken
both to check the results predicted by theory and to determine







1. The extensive updating and consolidation of the original
program of Pien and Strom-Tejsen has been successful.
"2. The maximum cancellation of diverging waves requires
symmetric wave patterns, which in turn requires symmetric
demihulls.
3. "Interference Factor" is most usefully defined as the
ratio of the difference between the resistances of a cata-
maran optimized at a certain speed and spacing and a cata-
maran with the same displacement optimized at the same
speed and a spacing of infinity, to the resistance of the
latter.
4. Small changes in design (outside of the range .32 < F <
.36) can radically alter the magnitude of I.F. at constant
demihull spacing.
5. Optimum demihull spacing decreases with increasing
Froude number.
6. For a demihull with the constraints used in this study,
the most favorable interference factors are found at Froude
numbers between .30 and .35, and corresponding hull spacings
ranging from .20 to .34. A most favorable I.F. of -.28 was
obtained in this domain.
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7. Unfavorable I.F.'s at Froude number slightly below
the design Froude number will present powering problems to
the designer. In one case the wavemaking resistance at the
lower Froude number was three times that at the design
Froude number.
8. Unknown effects of viscosity, wave reflection and
breaking between demihulls, and the necessity to check the
theoretical results make model testing relatively indispens-
able.
9. Reduction of wavemaking resistance by favorable wave
interference between demihulls is unlikely to make dramatic
reductions in total ship resistance. The catamaran does,
however, have a much better slenderness ratio for the same
length and displacement than does a monohull, with a corres-
ponding decrease in wavemaking resistance which may be
considerable.
10. Demihull form has as decisive an influence on wave-







1. More studies involving the optimization of combinations
of E2, E3, and E4 together with El, line sources and doublets,
•and point sources and doublets should be undertaken. At present,
the impact of changes in one or more of these factors on demi-
hull form and catamaran wavemaking resistance cannot be pre-
dicted. Since wavemaking resistance is to a great extent a
function of the shape of the waterline, changes in E2, E3, and
E4 are not likely to affect resistance appreciably. This is
not true, of course, of the bulbous appendices represented by
line and point singularities. In addition, the latter may be
used to reduce the entrance angle of the main hull form in
order to minimize spray.
2. The effect of simultaneous optimization at the design
Froude number and at the Froude number where the unfavorable
interference factor would otherwise be highest upon the most
favorable interference factor should be determined.
3. A streamline tracing program should be developed to
facilitate the rapid development of asymmetric demihull forms,
using as input the singularity distribution which is the out-
put of the author's program.
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'S. Model testing to check the theoretical results and to
investigate the effects of viscosity, and wave reflection and
wave breaking between demihulls should be undertaken. Model
testing could take two forms:
a) Single demihull tests such as those performed by
Everest (9) in which the wave patterns are measured
experimentally and then combined by a computer
program. The advantages of this approach are that
relatively large demihulls can be tested in a small
tow tank, and the symmetrical models are less ex-
pensive to construct. The disadvantages are that
the effects of wave breaking and reflection between
demihulls cannot be determined.
b) Conventional tow tank testing of a complete cata-
maran with asymmetric demihulls. This approach has
the advantage of being most direct, and includes
the effects of wave breaking and reflection between
demihulls. It has the disadvantages of requiring
twice as many demihull models, the models must be
asymmetric and more expensive to build, and the
size of the model which may be tested without
towing tank v/all effect interference is smaller







APPENDIX A DEFINITION OF INPUT
Specification for Integration with Respect to EJ
Integration in the X direction is
carried out by breaking the total
.interval into subintervals and
using the Gaussian integration
formula in each subinterval.
The subinterval length is defined
by the NGS value, and the number
of Gaussian stations in each sub-
interval is given by NG. NG = 10, »
H





















































The abscissae values and the weight factors used in the
Gaussian formula should be stated in the columns above.




SPECIFICATION FOR INTEGRATION ACCURACY
Integration accuracy can be specified by giving the values
at which the integration interval should be halved. The
following values are suggested. .8729, 1.2217, 1.3090,
1.3963, 1.4813 (50°, 70°, 75°, 80°, 85°) EI(9) = DX used in














Title is an identification and page shifting device used in
the printing out of data. It can be anything that takes up




DEN: End of integration in X direction. If the hull
is symmetrical, or if only the forebody calculation
is required, DEN = 0.
ARP: This gives the origin for the weigh-ted free wave
amplitudes (both sine and cosine) . If one wished to
see what effect a certain line source and/or line
doublet (bulbous bow) distribution had on the wave
amplitude, setting ARP = 1 would put the origin of
the amplitude printout at the bow. Thus the effect
of the line source and/or line doublet distribution
would not be masked by the surface source distribution,
The printout is for design Froude number.
PC(1): Forebody demihull hull spacing, measured at the bow,
and is the half distance between hulls divided by
the length of the forebody. (centerplane to center-
plane)
PC (2): Afterbody demihull hull spacing. Measured at the
stern. Half distance between hulls divided by fore-











NXM: If NXM =
, no surface source distribution is to be
read in. If NXM ^ 0, surface source distribution is
to be read in.
NDS : If NDS = , no line source or line doublet distribution
is to be read in. If NXM f 0, the distribution is to
be read in.
NBD: Number of restraints when optimizing hull form.
NBD = no restraints. This is a necessary condi-
tion for distributions to be read in, rather,
than optimized.
NBD = 1 Displacement volume is chosen as restraint.
NBD = 2 Volume and beam are chosen.
NBD = 3 Volume, beam, and entrance angle are chosen.
NP: Equivalent to N in the ETA surface equation.
NP = 2 has been found satisfactory.
NTEST: If NTEST = 0, calculation will end after running
through one set of data. If NTEST > 0, calculation
will continue to another data set following the
first. NXM = NMK(I,1)






















Beam in eta eq'n
"a" value in eta e;'n
BM = CMK(1,1) -
AC = CHK(l t 2) =
"-t" - draft of eta BC = CMK(l1,3J =
surface T = CMK(1,4) =





















Depth of line source,
line doublet
DDE = CMK(1,6) =
Fl = CMK(1,7) =
FD = CMK(1,8) =




PT = CMK(1,13) =
CMK(1,14) =
TSD = CMK(1,15) =
CMK(.1,16) =
CMK(1,17) =











CM : The cosine component of both diverging and
SM : Transverse waves are cancelled for a symmetrical ship.
In this case CM = 0, and SM = 2.
TSD: Multiplier if line source/doublet present. If at bow
alone, TSD - 1. If at bow and stern of symmetrical
ship, TSD = 2. If not symmetrical, value determined
by degree of phase shift between bow and stern sources
and/or doublets.
TB : A value must be entered to avoid computer erroneously
exceeding variable size limits - even if line source/




LINE SOURCE AND LINE DOUBLET DI STRIBUTION






















E, S(I,1) C + S(I,2) + S(I,3)c + S(I,4)C'
E1Q = D(I,1) + D(I,2) C + D(I,3)c
2
+ D(I,4)c 3
S(I,5) = point source
D(I,5) = point doublet
Cosine and sine multiplier valid for
line source and line doublet distribution
Symmetric
cosine multiplier CCB
sine " SSB 2
FBP(l) forebody location of line source














RESTRAINTS ON E , E
2
, E and E.
VOLUME

































No restraints can be used when optimizing E Q and E 1A . Never-y io
theless the ZE values should be filled out according to the
NBD value.
SPECIFY PRIORITY IN OPTIMIZATION
KRl: Optimize using "displacement volume" as restraint
KR2 : Optimize using beam as restraint
KR3 : Optimize using entrance angle as restraint
Example
NBD = Number of restraints = 2
KRl = 1, KR2 = 3, KR3 = 2.










SPECIFICATION FOR OPTIMIZATION SCHEME
ILC1) f E, should be optimized
IL(2) f E 2
IL(3) ^ E 3
















The last IL value should be put = indicating
no more E values are to be optimized.






4, then E, contains four terms
all ?











TO BE READ IN IF NXM f
















00 XMBB (2,1) =
XMBB (2,2) =
XMBB (2,3) =
XMBB (2, 4) =











XMBB (3,1) = 00
XMBB (3, 2) = Cm
XMBB (3, 3) =
in
XMBB (3,4) = 1O
XMBB (3, 5) =
Cm
XMBB (4 , 1 ) = 00
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